Background: Mother-to-child transmission (MTCT) is the major route of HBV transmission in many parts of the world. We designed couple-based immunization strategy and aimed to assess the cost-effectiveness of this strategy in China. Methods: We constructed a decision-analytic Markov model to compared current immunization strategy consisting of hepatitis B vaccination (HepB) for all infants and extra hepatitis B immunoglobulin for infants with HBsAg-positive mothers versus couple-based immunization strategy including additional HBV screening for pre-pregnant couples and HepB for high-risk wives. Costs were assessed from a healthcare system perspective. Number of infants with perinatal HBV infection, life-years (LYs), quality-adjusted life-years (QALYs), and disability-adjusted life-years (DALYs) were used to access effects. We calculated incremental cost-effectiveness ratios (ICERs) and performed sensitivity analysis. Findings: Based on the birth cohort of 17,578,815 livebirths in China in 2017, couple-based immunization strategy reduced perinatal HBV infection by 18% (9194/51,365) with cost increase of < 41 million, saved 49,986 LYs (ICER: <819 per LY saved), gained 48,879 QALYs (ICER: <837 per QALY gained) and averted 63,362 DALYs (<646 per DALY averted) compared with current immunization strategy. These ICERs were below willingness-to-pay levels of China's once GDP per capita (<59,660), remaining robust in sensitivity analysis. Interpretation: Under the intermediate endemic of HBV infection in China, implementation of couple-based immunization strategy can improve the efficiency of preventing MTCT of HBV, and is highly cost-effective. This strategy can be a new immunization strategy choice to achieve the target of eliminating hepatitis B by 2030.
Introduction
Mother-to-child transmission (MTCT) is the major route of HBV transmission, and an important factor for the reservoir of chronic HBV infection in the populations of many parts of the world, especially in China and South-East Asia [1] . A literature has reported [2] that in the absence of prophylaxis, approximately 90% of the hepatitis B e antigen (HBeAg)-positive mothers transmit HBV to their offspring, compared with 10%À20% of HBeAg-negative carrier mothers. The risk of developing chronic HBV infection is 90% following acute infection in neonates [1, 3] .
In 1992, China actively responded to the call of WHO to include the infant hepatitis B vaccination (HepB) in the routine childhood immunization programme [4] . Since 2002, China integrated HepB into the expanded programme on immunization and provided free three doses of HepB for all newborns [5] . Reported coverages of three doses of HepB and timely birth-dose of HepB for infants was 99.58% and 95.61% in 2015, respectively [6] . At the end of 2010, China's Integrated Prevention of Mother-to-Child Transmission of HIV, Syphilis and Hepatitis B Virus programme (iPMTCT programme) was launched in 1156 counties (covering 41% of the country) [7] , and iPMTCT programme has been extended nationwide since 2015 [8] . In iPMTCT programme, children born to screened mothers with hepatitis B surface antigen (HBsAg)-positive were extra provided with free hepatitis B immunoglobulin (HBIG; 100 IU) within 24 h after birth, in addition to three doses of HepB [7] . As of 2017, the national coverage of HBsAg screening test among pregnant women exceeded 99.5% and almost all (99.7%) of infants exposed to HBV received HBIG at birth [8] .
However, the current immunization strategy does not completely block the MTCT of HBV. A meta-analysis in 2014 [9] has reported that the failure rate of the HBIG plus HepB prophylaxis for infants born to HBsAg-positive mothers was 4.87% in Chinese population. According to WHO estimates and the national serological survey in 2014 [5, 10] , under the intermediate endemic of HBV infection in China [11] , about 50,000 children are born with HBV every year despite of the implementation of current immunization strategy. Although a few studies [12, 13] have explained that antiviral therapy for pregnant women with high HBV-DNA load in the third trimester effectively decreased MTCT of HBV, it is still controversial whether antiviral therapy could be promoted as a public health strategy [1, 14] .
In order to reduce the failure rate of the current immunization strategy, it is vital to explore a new immunization strategy for China to prevent MTCT of HBV, and to achieve the target of 90% reduction of new cases of chronic HBV infections by 2030. Therefore, we designed a new immunization strategy, including additional HBV serological screening for pre-pregnant couples as well as HepB for HBsAg-negative wives of HBsAg-positive husbands basing on the current immunization strategy (named couple-based immunization strategy), to improve the efficiency of preventing MTCT of HBV. The aims of the couple-based immunization strategy were to reduce HBV infection in reproductive women, thereby reduce HBV infection in pregnancy and reduce the risk of MTCT of HBV. The aims of this study were to access the cost-effectiveness of couplebased immunization strategy by a decision-analytic Markov model; to access the costs, expected effects and feasibility of this immunization strategy; and to provide a new strategy proposal for controlling MTCT of HBV in China.
Methods

Comparator strategies
Current immunization strategy
This strategy includes universal HepB for all infants and extra HBIG for infants born to HBsAg-positive mothers. HBsAg screening is performed for all pregnant women. All infants receive the first dose of HepB within 24 h of birth, followed by the second and third dose of HepB at 1 and 6 months, respectively. In addition, extra HBIG (100 IU) is provided within 24 h of birth (preferably within 12 h of birth) for infants born to HBsAg-positive mothers.
Couple-Based immunization strategy
This strategy includes universal HepB for all infants, HBIG for infants born to HBsAg-positive mothers, additional HBV serological screening for pre-pregnant couples and HepB for HBsAg-negative wives of HBsAg-positive husbands. That is, based on the current immunization strategy, additional HBV serological screening (including HBsAg, anti-HBs, HBeAg, anti-HBe and anti-HBc) is provided for all pre-pregnant couples and HepB is given for all HBsAgnegative wives of HBsAg-positive husbands.
Model structure
In this economic evaluation, we constructed a decision-analytic Markov model to compare the costs and effects of the two immunization strategies to prevent MTCT of HBV. The baseline parameter values and plausible ranges were obtained from the literatures, and were summarized in Table 1 .
We developed a decision tree ( Figure S1 ) representing the two immunization strategies to prevent MTCT of HBV. According to internationally accepted definitions [1] , we constructed a Markov model representing the health states of chronic HBV infection and progression ( Figure S2 ), which consisted of nine health states: immune tolerant, immune active, inactive carrier, immune due to infection, HBeAg-negative chronic hepatitis B, compensated cirrhosis (CC), decompensated cirrhosis (DCC), hepatocellular carcinoma (HCC) and death. Transition parameters between health states were obtained from the published literatures home and abroad (Table 1) . Population-based age-specific mortality rates were obtained from China Population & Employment Statistics Yearbook, 2018 [42] .
Costs estimations
Costs in this study were assessed from a healthcare system perspective, including direct intervention costs and direct medical costs,
Research in context
Evidence before this study
We searched PubMed for articles published in English or Chinese before April 2019, with the terms "hepatitis B virus (HBV)", "economic" or "cost-effective", and "mother-to-child transmission (MTCT)" or "perinatal transmission". We identified cost-effectiveness of current immunization strategy consisting of HBsAg screening for pregnant women, HepB for all infants and extra HBIG for infants born to HBsAg-positive mothers to prevent MTCT of HBV has been reported in some studies. And some studies reported the cost-effectiveness of antiviral prophylaxis during pregnancy to prevent MTCT of HBV. However, no previous studies describing health effects or cost-effectiveness of couple-based immunization strategy including additional HBV screening for pre-pregnant couples and HepB for high-risk wives to prevent MTCT of HBV worldwide.
Added value of this study
In this study, using decision-analytic Markov model to access the cost-effectiveness of couple-based immunization strategy versus current immunization strategy to prevent MTCT of HBV in China. To our knowledge, this study first compared the lifetime costs and effectiveness in the couple-based immunization strategy versus the current immunization strategy under the intermediate endemic of HBV infection in China. Furthermore, the parameter data of the prevalence of HBV infection in pre-pregnant couples was from our group's published research on the nationwide level population-based HBV sero-epidemiological survey in China. Our findings add to the understanding of comprehensive prevention and control MTCT of HBV by additional immunization intervention basing on the current immunization strategy in developing countries.
Implications of all the available evidence
Preventing MTCT of HBV is one of the five core interventions to achieve the goals of World Health Organization to eliminate hepatitis B as a major public health threat by 2030. Evidence on how to achieve the target will be needed to help guide national policies. This study found that couple-based immunization strategy is more effective to prevent MTCT of HBV, is cost-effective at the threshold of one-time GDP per capita, and is feasible and affordable under the current conditions of China. Our results suggested that the couple-based immunization strategy could use as a new immunization strategy to control MTCT of HBV and to achieve the target of eliminating hepatitis B by 2030 in other countries with high or intermediate endemic of HBV. Future research should explore the effective strategies on curb HBV transmission in reproductive women and pregnant women to improve the efficiency of preventing MTCT of HBV. measured in Chinese yuan (<; < 1 equivalent to 0.15 United states dollars) ( Table 1) . Direct intervention costs were composed of the costs of HepB for infants, HBsAg screening for pregnant women, HBIG vaccination for infants born to HBsAg-positive mothers, HBV serological screening for pre-pregnant couples, and HepB for HBsAg-negative wives of HBsAg-positive husbands.
Direct medical costs were composed of the treatment costs and monitoring costs directly incurred by HBV infected persons.
Treatment costs of HBV-related diseases
This study determined the treatment cost parameters based on the results of the economic burden survey of HBV-related diseases among hospitalized patients in 12 cities in China in 2010 [39] , and adjusted to the price level of 2017 with healthcare consumer price index [24] . One-time direct treatment costs of acute HBV infections and the annual direct treatment costs of chronic HBV infections were calculated. The treatment costs of immune active and HBeAg-negative chronic hepatitis B phases were determined based on the annual outpatient average direct medical costs, because we assumed that rarely hospitalizations were incurred for the initial stages of chronic HBV infection. The treatment costs of HBV-related CC, DCC and HCC phases were determined according to the annual average direct medical costs (including outpatient expenditure, inpatient expenditure, and expenditure of medicines self-purchased in retail). We used 20% of the CC cost for the lower range as hospitalizations were less common among patients with CC.
Monitoring costs of HBV-related diseases
WHO guidelines for the prevention, care and treatment of persons with chronic hepatitis B infection [1] recommend that treatment is not generally indicated in the immune tolerant and inactive carrier phases, but monitoring is required for disease progression at least once a year. Monitoring generally includes assessment of HBV serologic status, HBV-DNA load, blood routine, alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, total bilirubin, serum albumin, prothrombin time, alpha-fetoprotein, liver ultrasound and liver stiffness measurement [43] .
Health outcomes
We estimated the number of infants with perinatal HBV infection, and their lifetime advanced HBV-related diseases (CC, DCC, HCC) and HBV-related deaths, as well as life-years (LYs), quality-adjusted lifeyears (QALYs), and disability-adjusted life-years (DALYs) in the total birth cohort under each strategy. LYs represent an objective measure, but do not consider morbidity. Health utilities of HBV from the relevant domestic studies [38] were used for QALYs of HBV-related diseases (Table 1) . Disability weights from the Global Burden of Disease Study 2013 [44] were used for DALYs of HBV-related diseases (Table S1 ).
Measurement of cost-effectiveness
We calculated the incremental cost-effectiveness ratio (ICER) between the current immunization strategy and the couple-based immunization strategy, which was defined as Following the cost-effectiveness thresholds recommended by the WHO' Choosing Interventions that are Cost-Effective project when evaluating health interventions [23] , the strategy was deemed costeffective if the ICER was below the willingness-to-pay (WTP) threshold of three times of the country's annual gross domestic product (GDP) per capita. Highly cost-effective was defined if the ICER was below the WTP threshold of once the annual GDP per capita. According to China Health Statistics Yearbook [24] , China's GDP per capita was <59,660 in 2017.
Statistical analysis
A decision-analytic Markov model was constructed in TreeAge Pro 2019, R1 (TreeAge Software, Inc., MA, USA, serial number: AMVLA-VQHD3-GBNQM-B). This decision-analytic Markov model was used to simulate costs and health outcomes in a birth cohort of 17,578,815 livebirths in China in 2017 [24] , and was specified a 76-year cycle with a 1-year interval in accordance with the life expectancy of 76.3 years in China in 2015 (the life expectancy of China was unavailable in 2017) [24] . A half cycle correction was applied to estimate the costs and effectiveness. According to WHO guide to cost-effectiveness analysis, 3% discount rate was used for costs and effects [23, 27] .
Sensitive analysis
To access the robustness of the results, we performed both oneway deterministic sensitivity analysis and probabilistic sensitivity analysis. In the one-way sensitivity analysis, parameters were varied over plausible ranges to evaluate the impact of the parameters changes on the ICER. Probabilistic sensitivity analysis (PSA) was done to characterize the overall combined uncertainty of all the model parameters by using Monte Carlo simulations. The result of PSA was also presented in a cost-effectiveness acceptability curve, indicating the probability of cost-effectiveness through a variation of WTP.
Results
Costs of the two immunization strategies
We used the birth cohort of 17,578,815 livebirths in China in 2017, and calculated the total direct costs and Incremental direct costs ( Table 2) .
As shown in Table 2 , the total direct costs in the current immunization strategy and the couple-based immunization strategy were close (< 5521 million vs. < 5562 million, respectively). The direct intervention cost in the current immunization strategy was lower than the couple-based immunization strategy (< 670 million vs. < 1579 million), while the direct medical cost of HBV-related diseases in the current immunization strategy was higher than the couple-based immunization strategy (< 4851 million vs. < 3983 million). The couple-based immunization strategy required an additional < 909 million direct intervention cost than the current immunization strategy, but avoided < 868 million direct medical cost of HBV-related diseases, with a total direct cost increase of only < 41 million. 
Effects of the two immunization strategies
We estimated the number of infants with perinatal HBV infection, and their lifetime HBV-related advanced diseases (CC, DCC, HCC) and HBV-related deaths, as well as LYs, QALYs, and DALYs in the total birth cohort under each strategy.
As shown in 
Cost-effectiveness
As shown in Table 4 , compared with the current immunization strategy, the couple-based immunization strategy was highly costeffective, with ICER of <819 per LY saved, <837 per QALY gained and <646 per DALY averted, which were lower than China's once GDP per capita (<59,660 in 2017).
Sensitive analysis
To access the robustness of the results, we performed both oneway sensitivity analysis and probabilistic sensitivity analysis.
In one-way sensitive analysis, we compared the couple-based immunization strategy versus the current immunization strategy (Fig. 1) . The ICER remained below once GDP per capita for plausible ranges of all parameters, representing highly cost-effectiveness of the couple-based immunization strategy. Varying the proportion of couples only the wives testing HBsAg-positive between 3.76% and 4.60%, the ICER was always lower than once GDP per capita. Increasing the intervention cost of HBV serological screening for prepregnant couples from <50 to <70, the couple-based immunization strategy was still highly cost-effective, with an ICER increased from <837 to <8030 per QALY gained, while the cost was gradually reduced from <50 to <30, this strategy would have better costeffective. When the risk of HBV transmission after receiving HepB for HBsAg-negative wives of HBsAg-positive husbands was 5%, the ICER was <5895 per QALY gained, while the risk was gradually decreased, the couple-based immunization strategy cost lower and accumulated more QALYs than the current immunization strategy.
The probability sensitivity analysis showed that the baseline result was reliable within 95% confidence interval of 1000 Monte Carlo simulation results ( Figure S3 ). As the majority of points lay below and to the right of the WTP line of once GDP per capital, the dominance of the couple-based immunization strategy over the current immunization strategy was almost certain. This finding was also supported by the result of the cost-effectiveness acceptability curve in Fig. 2 , indicating the probability of cost-effectiveness over a range of WTP thresholds, which showed that, couple-based immunization strategy had a 99.1% probability to be cost-effective at the WTP threshold of once GDP per capital.
Additionally, as today's children become tomorrow's adults, the infants born to HBsAg-positive mothers will decrease markedly. Extrapolating to 2030, the prevalence of HBsAg among pregnant women will be under 2%. To access the cost-effectiveness of the couple-based immunization strategy in the future, another probability sensitivity analysis was done ( Figure S4 ), indicating that this strategy is still cost-effective but not as high as it is currently.
Discussion
In order to achieve the goals of WHO to eliminate hepatitis B as a major public health threat by 2030, exploring and implementing a more efficient immunization strategy to prevent MTCT of HBV is particular importance for either China or other low-and middleincome countries [45, 46] . Based on the universal HepB for infants, Chinese government has added free HBsAg screening for all pregnant women, and the extra HBIG for all newborns born to HBsAgpositive mothers since the end of 2010, which has interrupted 97% LY=life-year. QALY=quality-adjusted life-year. DALY=disability-adjusted life-year. ICER= incremental cost-effectiveness ratio.
of perinatal HBV infection [5] . Although the perinatal HBV infection has significantly reduced since the implementation of the current immunization strategy, 50,000 children are born with HBV every year in China [5, 10] . Therefore, based on the current immunization strategy, this study designed couple-based immunization strategy to prevent MTCT of HBV, including additional HBV serological screening for pre-pregnant couples as well as HepB for HBsAg-negative wives of HBsAg-positive husbands, to reduce HBV infection in reproductive women, thereby reduce HBV infection in pregnancy and reduce the risk of MTCT of HBV.
The decision-analytic Markov model is widely used in the economic evaluation of hepatitis B worldwide, and it is also an important evidence for WHO's assessment of the resources needed to eliminate hepatitis B globally [21, 47, 48] . This study accessed the costs, effects and cost-effectiveness of the current immunization strategy versus the couple-based immunization strategy to prevent MTCT of HBV by a decision-analytic Markov model, and provided a new strategy proposal for controlling MTCT of HBV in China.
The results indicated that, in the birth cohort of China in 2017, the total direct costs in the current immunization strategy and the couple-based immunization strategy were < 5521 million and < 5562 million, respectively. Under the current immunization strategy, 51,365 infants were perinatal HBV infection, with approximately 1308 of them developing HBV-related advanced disease and 35,472 HBV-related deaths, and there were 519.48 million LYs, 425.93 million QALYs and 12.44 million DALYs in the total birth cohort. Under the couple-based immunization strategy, 42,171 infants were infected with HBV during perinatal period, with about 1074 of them developing HBV-related advanced disease and 29,123 HBV-related deaths, and there were 519.53 million LYs, 425.98 million QALYs and 12.37 million DALYs in the total birth cohort.
Existing health economic analyses suggested that based on the universal HepB for infants, the HepB plus HBIG immunization for infants born to HBsAg-positive mothers was cost-effective to prevent MTCT of HBV. According to Donghoon Lee' study in South Korea [49] , compared with the infant universal HepB strategy, the current immunization strategy had lower cost and higher effect. Lin Fan's research in American [22] showed that the current immunization strategy was cost-effective with ICER of $6957 per QALY gained compared with the infant universal HepB strategy. Yali Cai's study in China [41] indicated that the current immunization strategy reduced the cost by <502.09 while obtained 0.0059 QALY per capita, achieved better effect with lower cost.
Our analyses suggested that compared with the current immunization strategy, the couple-based immunization strategy reduced perinatal HBV infection by 18% (9194/51365) with cost increase of only < 41 million, correspondingly reduction of 234 HBV-related advanced disease and 6349 HBV-related deaths. This strategy saved 49,986 LYs (ICER: <819 per LY saved), gained 48,879 QALYs (ICER: <837 per QALY gained) and averted 63,362 DALYs (<646 per DALY averted) in the total birth cohort. According to China Health Statistics Yearbook [24] , China's GDP per capita was <59,660 in 2017. The couple-based immunization strategy was highly cost-effective with ICER less than once the GDP per capita by the economic modelling analysis in the birth cohort of China in 2017.
Since 2010, Chinese government has launched the national preconception health examination project, and expanded it nationally in 2013, including free HBV serological screening for reproductive couples to prevent birth defects. Currently, Chinese government has implemented the infant universal HepB programme, the national preconception health examination project and the iPMTCT programme, which provided free HepB for infants, HBV serological screening for pre-pregnant couples, HBsAg screening for pregnant women and HBIG vaccination for infants born to HBsAg-positive mothers in all regions. Due to the high coverage of the above programmemes, each region already has corresponding health human resources and technical resources to find more HBsAg-positive couples, HBsAg-negative spouses of HBsAg-positive persons and HBsAg-positive pregnant women. Additionally, since September 2019, the National Health Commission incorporated the national preconception health examination project into the national basic public health service project, which further ensured the compliance of this project, thereby increased compliance with the new immunization strategy implementation. In a word, the excellent implementation of these national large-scale projects provides feasibility to implement the couple-based immunization strategy to prevent MTCT of HBV in China.
This study estimated that based on the current invests of the infant universal HepB programme, preconception health examination project and iPMTCT programme, according to the cost of HepB <60 per adult, Chinese government need to invest an additional <59 million to achieve the effects of the couple-based immunization strategy to prevent MTCT of HBV. The results of this study suggested that the implementation of couple-based immunization strategy was affordable under the level of China' economic development.
From our knowledge, this study first used the birth cohort of China in 2017 to do a decision-analytic Markov model of the immunization strategies to prevent MTCT of HBV. And this study first compared the number of infants with perinatal HBV infection, and their lifetime advanced HBV-related diseases (CC, DCC, HCC) and HBV-related deaths, as well as LYs, QALYs and DALYs in the total birth cohort under the couple-based immunization strategy versus the current immunization strategy. This study found that the couple-based immunization strategy was priority to prevent MTCT of HBV, and was feasible and affordable under the current conditions of China. Our results could provide a new immunization strategy to control MTCT of HBV, which will help to achieve the target of eliminating hepatitis B by 2030 in China.
It's worth noting that despite the implementation of the couplebased immunization strategy, a gap still remains to eliminate hepatitis B by 2030 in China. In addition to immunization strategies, antiviral therapy in the third trimester is the global focus. Some studies reported that antiviral therapy was effective in lowering the risk of MTCT among infants born to mothers with high HBV-DNA level when also given with birth dose vaccine and HBIG [12, 13] . Additionally, a few studies have accessed the cost-effectiveness of antiviral therapy strategy [22, 49] . However, a recent high-quality study of Jourdain [14] failed to show positive results of antiviral therapy to prevent MTCT of HBV, possibly warning against overtreatment. Maybe we should wait for the new WHO guidelines for preventing MTCT of HBV, which scheduled to be completed by mid-2020, [50] to discuss whether antiviral therapy could be promoted as a public health strategy. If antiviral therapy strategy is feasible, it will become a competing strategy for the couple-based immunization strategy in the coming years. As today's children become tomorrow's adults, the prevalence of HBsAg will gradually decrease, which will decrease the cost-effectiveness of the couple-based strategy. Therefore, the comparison between these two strategies would be useful for further research.
This study has several limitations to consider. Firstly, the validity of models depends largely on the veracity and reliability of the parameters in the models, however, we used some parameters of other countries, local areas or specific populations to estimate the lifetime costs and effects of the national birth cohort in China, which might have bias. For example, the parameters of the HBsAg prevalence among pre-pregnant couples is based on a single study that was conducted in rural China. Secondly, we assumed that all HBVrelated mortality was due to CC, DCC and HCC, without considering liver transplantation or post-transplantation complications, because of the few applications relative to the large patient population in China. Thirdly, there are unmeasured potential costs and benefits of the couple-based immunization strategy. For ethical considerations, HepB should be offered/recommended to the HBsAg-negative husbands of HBsAg-positive wives in the couple-based immunization strategy, costs of which were not included in the current costeffectiveness analysis. And we did not include the benefits of screening almost all young adults in China, contributing to achievement of the WHO target for identifying people with CHB, and the benefits of protecting the high-risk woman from HBV infection. Fourthly, the closer to pregnancy that the HBV screening for couples occurs, the less effective and cost-effective will be the strategy because risk would accrue between the start of intimacy until screening/vaccination. However, there is currently no relevant research evidence for us to conduct relevant sensitivity analysis. Finally, the WTP threshold depending on GDP per capital is a theoretical one to indicate whether an intervention is priority in the health-care agenda, which means other factors should be considered before an intervention is adopted on a national level.
In conclusion, our results suggest that under the intermediate endemic of HBV infection in China, the couple-based immunization strategy to prevent MTCT of HBV is highly cost-effective, feasible and affordable. Couple-based immunization strategy can be a new immunization strategy proposal for controlling MTCT of HBV and helping to achieve the target of eliminating hepatitis B by 2030. In the future, with the changes in the prevalence of HBsAg among the population and the emergence of other strategies to prevent MTCT of HBV, further researches will be needed to clarify the more appropriate strategies.
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